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Abstract
Low-beta and high-beta sections of PIP-II linac will use

nine low-beta cryomodules with four cavities each and four
high-beta cryomodules with six cavities each. These cavi-
ties will be produced and qualified in collaboration between
Fermilab and the international partner labs. Prior to their
installation into prototype cryomodules, several dressed cav-
ities, which include jacketed cavities, high power couplers,
and tuners, will be qualified in STC horizontal test bed at
Fermilab. After qualification of bare 𝛽 = 0.9 cavities at Fer-
milab, several pre-production 𝛽 = 0.92 and 𝛽 = 0.61 cavities
have been and are being fabricated and qualified. Procure-
ments have also been started for high power couplers and
tuners. In this contribution we present the current status of
prototype dressed cavity qualification for PIP-II.

INTRODUCTION
Existing accelerator complex at Fermilab is being up-

graded to support the future world-leading neutrino program
and frontier particle physics experiments. PIP-II upgrade has
at its core the design and construction of a continuous-wave
(CW) superconducting radio frequency (SRF) linear acceler-
ator that will accelerate an average beam current of 2 mA up
to 800 MeV beam energy [1–3]. PIP-II beam acceleration
will occur mainly in this SRF linac that will employ five
different types of superconducting cryomodules [4]. The
last two sections of the linac will comprise two families of
cryomodules. One section will have nine low-beta 650 cry-
omodules. Each of these cryomodules will host four 𝛽 =
0.61 (LB650) dressed cavities. The other section will have
four high-beta 650 cryomodules with six 𝛽 = 0.92 (HB650)
dressed cavities. Each dressed cavity consists of a cavity
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with its helium vessel, a high power coupler, and a tuner.
The work is in progress to qualify all prototype 650 dressed
cavity components for the production phase.

Cavity Fabrication
Design 5-cell elliptical cavities with geometric betas of

0.61 and 0.92 have been designed to provide the required
energy gain to H− beam in CW at 650 MHz in TM010 mode
at 2.0 K [5–8]. The cavities are built from RRR niobium
sheet material via stamping and electron beam welding. The
cavity has functional interfaces to other subsystems, such as
the high power RF coupler and mechanical tuner. The cavity
titanium helium vessel is welded to the cavity’s transition
rings on one side and to a titanium bellows on the tuner side.

Status Four bare 𝛽 = 0.9 650MHz 5-cell cavities were
jacketed after qualification in the vertical cavity test facility
at Fermilab. Three of these cavities are to be installed in
HB650 prototype cryomdoule and are progressed though the
flowing steps: instrumentation (on two cavities); jacketing;
VTS qualification; horizontal test qualification in STC (two
prototype cavities out of four); storage for the string assembly.
Presently, Fermilab received three bare 𝛽 = 0.92 650 MHz
5-cell cavities with a set of dressing components and a lever
tuner from RRCAT, India, and one bare 𝛽 = 0.61 650MHz
5-cell cavity from INFN, Italy. Three 𝛽 = 0.92 5-cell cavities
are to be installed in HB650 prototype cryomodule. The
jacketing plan for these cavities is similar to the plan for 𝛽 =
0.9 cavities. The jacketing plan for LB650 cavity, received
from INFN, is the following: VTS qualification; jacketing;
VTS qualification; horizontal test qualification in STC. The
present status of each cavity is summarized in Table 1.

Procurement After the final design reviews for the
LB650 and HB650 prototype 5-cell cavities, Fermilab



Table 1: PIP-II 650 cavity status

B90 5-cell status VTS STC test
at FNAL as jacketed
B9A-AES-007 Jacketed Yes No
B9A-AES-008 Jacketed Yes Planned
B9A-AES-009 Jacketed Planned No
B9A-AES-010 Jacketed Yes Completed

B92 5-cell status VTS STC test
at FNAL as jacketed
B92D-RRCAT-502 Bare In progress Planned
B92D-RRCAT-504 Bare Planned TBD
B92E-RRCAT-506 Bare Planned TBD

B61 5-cell status VTS STC test
at FNAL as jacketed
B61-EZ-001 Bare Planned No

Figure 1: [top] B92D-RRCAT-502, the first PIP-II HB650
0.92 prototype 5-cell cavity received from RRCAT, India;
[bottom] B61-EZ-001, the first PIP-II LB650 0.61 prototype
5-cell cavity received from INFN, Italy.

started the procurement of four LB650 prototype 5-cell cav-
ities and three HB650 prototype 5-cell cavities along with
the helium vessels and other jacketing components.

Cavity Processing
Design Once a cavity is received at Fermilab, it is vi-

sually inspected, leak checked, and measured in the coordi-
nate measurement machine. The cavity processing follows
the standard procedure of bulk material removal with elec-
tropolishing, heat treatment in high-vacuum furnace with
N-doping option, frequency and field flatness tuning, light
material removal with electropolishing, high pressure DI wa-
ter rinsing, assembly for vertical testing in ISO4 cleanroom,
and slow evacuation. Electropolishing on 650 MHz 5-cell
cavities is done at Argonne National Lab [9], and the setup is
capable of both “standard EP”, which is done typically at 20
– 30 °C, and “cold EP”, where the electropolish temperature
is below 12 °C.

Status Jacketed B9A-AES-010 was tested in VTS,
reaching above Q0 ≈ 2·1010 at 20 MV/m and quenching

Figure 2: Bulk electropolishing of B61-EZ-001 at ANL EP
facility [9].

at 29 MV/m with Q0 ≈ 1·1010 at 2 K. The cavity was pro-
gressed to STC test preparation. Jacketed B9A-AES-007
was tested in VTS, reaching Q0 ≈ 3.6·1010 at 22 MV/m at 2
K. The performance was limited by field emission. This cav-
ity and B9A-AES-008 are being re-processed to resolve field
emission issues. B9A-AES-009 is jacketed and in prepara-
tion for the vertical test. B92D-RRCAT-502, the first cavity
received from RRCAT, has been re-processed and VTS qual-
ified, reaching Q0 ≈ 4.0·1010 at 19 MV/m at 2 K. The cavity
is in jacketing.

650 High Power Coupler
Design 650 MHz high power coupler was designed to

operate at 50 kW in continuous wave regime for both 𝛽 =
0.61 and 𝛽 = 0.92 cavities [10]. Coupler consists of two parts:
cold vacuum part with a flat ceramic window and antenna;
warm part with bellows in the inner and outer conductors
and transition to standard WR1150 waveguide. Length of
the antenna is fixed, but orientation of the flag at the end of
antenna defines the coupling with the cavity, which can be
adjusted by rotating the cold part of the coupler.

Status Two designs of the 650 MHz power coupler were
built and tested at the prototyping stage. The only differ-
ence was in the design of the cold vacuum part. Prototype

Figure 3: 650 high power coupler test stand.

couplers of both designs were connected to each other on
the room temperature test stand, Fig.3, and tested at full
reflection. Both prototype couplers demonstrated similar
performance and were able to work in CW mode at 50 kW
full reflection without DC bias.

Procurement Fermilab started the procurement of
eight full coupler assemblies and three cold vacuum parts for
prototype HB650 and LB650 cryomodules. PIP-II partners
are planning to start the procurement of 650 couplers soon.



BARC, India, is working with vendors to order ceramics
and start building four couplers. STFC, UK, are preparing
coupler documentation to start the procurement.

650 Cavity Tuner
Design 650 cavity tuner was designed to support both

HB650 and LB650 dressed cavities [11, 12]. The tuner and
restraint brackets were designed to protect the jacketed cav-
ity during cryomodule production, testing, and operation.
This compact double-lever tuner, Fig. 4, is similar to the
LCLS-II 1.3 GHz cavity tuner [13]. 650 cavity tuner design
adopted lessons learned from the LCLS-II 1.3 GHz tuner.
Similar to LCLS-II project, Phytron is requested to test the
actuators at their own site at a temperature of T = 77 K. The
tuner’s encapsulated piezo-actuator is a PI (Physik Instru-
mente, Inc) product (P-844K075), designed per FNAL spec-
ifications. Both actuators went through vigorous longevity
and radiation hardness testing programs during the LCLS-II
project [14, 15]. Tuner stiffness was designed as high as rea-
sonably possible to minimize Lorentz force detuning (LFD)
of the 650 MHz SRF system. Measurements of the first tuner
prototype confirmed tuner stiffness at 40 kN/mm.

Status Tuner drawings and details of assembly proce-
dure were shared with PIP-II partners. RRCAT, India, built
several units of the tuner and one tuner was sent to Fermilab
for evaluation.

Figure 4: [left] picture of the tuner installed on the 𝛽 = 0.90
dressed cavity; [right] 3D-model of the tuner.

Procurement Based on the lessons learned from the
first two prototype tuners, recommendations for manufactur-
ing procedure have been developed. Fermilab has ordered
six units for the prototype HB650 cryomodule.

650 Dressed Cavity Testing in STC
Design Original STC facility was modified to accommo-

date longer HB650 5-cell cavity [16]. HB650 𝛽 = 0.9 cavity
assembled with the cold part of the high power coupler, the
cavity tuner, the liquid Helium fill line and interface elbow
on the aluminum insertion cart is shown in Figure 5. The
typical STC cavity testing process includes: LLRF system
calibration; measurements of the cavity resonance frequency
and the loaded quality factor; off-resonance measurements
of the high power coupler; tuning the cavity to resonance at
650 MHz and multipactor conditioning; measurements of

the maximum cavity field, the maximum field limiting fac-
tors, the radiation onset field and radiation at the maximum
field; measurements of Q0 versus E𝑎𝑐𝑐; measurements of
cavity detuning sensitivity due to pressure variations (df/dp)
and LFD coefficient; tuner qualification and measurements
the tuning range and the sensitivity for coarse (stepper motor)
and fine (piezo actuators) tuning.

Status Jacketed B9A-AES-010 had the cold end of the
high power coupler installed after VTS without any HPR.
After cavity tuner installation, the cavity was installed and
tested in STC. This was the first horizontal test of PIP-II
650 5-cell dressed cavity. This test also served as STC com-
missioning for 650 dressed cavities. In STC test the cavity
reached about 22 MV/m (pulsed mode) and 18 MV/m (CW
mode) without field emission, limited by the available RF
power. Preliminary Q0 measurements indicated Q0 ≈ 2·1010

at 18 MV/m. Multipacting conditioning (7 - 22 MV/m),
650 cavity tuner studies, and preliminary LFD measurement
were performed. Lessons learned from this STC test were
summarized and closed prior to the next STC test, planned to
be done with jacketed B9A-AES-008. After STC test, B9A-

Figure 5: HB650 𝛽 = 0.9 cavity assembled for STC testing
on the insertion cart.

AES-010 with the high power coupler and the cavity tuner
was shipped to RRCAT, India, to be tested in the horizontal
test cryostat there.

SUMMARY
The high energy section of the SRF CW linac will com-

prise a section with nine LB650 cryomodules, hosting four
LB650 dressed cavities each, and a section with four HB650
cryomodules, hosting six HB650 dressed cavities each. Fer-
milab is in the process of the design validation of both types
of 650 cavities. Several prototype cavities and other com-
ponents, which have been received from the international
partners, are being processed and tested at Fermilab. At the
same time procurement of prototype components is ongoing
at Fermilab along with the refinement and finalization of the
requirements that will enable the production phase procure-
ments by the partner labs. As a part of the validation process,
the first HB650 beta = 0.9 cavity has been successfully tested
in the recently modified STC horizontal testing bed.
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